A new control technique known as inverted error deviation (IED) control is incorporated into the main DC-link capacitor voltage regulation algorithm of a three-level neutral-point diode clamped (NPC) inverter-based shunt active power filter (SAPF) to enhance its performance in overall DC-link voltage regulation so as to improve its harmonics mitigation performances. In the SAPF controller, DC-link capacitor voltage regulation algorithms with either the proportional-integral (PI) or fuzzy logic control (FLC) technique have played a significant role in maintaining a constant DC-link voltage across the DC-link capacitors. However, both techniques are mostly operated based on a direct voltage error manipulation approach which is insufficient to address the severe DC-link voltage deviation that occurs during dynamic-state conditions. As a result, the conventional algorithms perform poorly with large overshoot, undershoot, and slow response time. Therefore, the IED control technique is proposed to precisely address the DC-link voltage deviation. To validate effectiveness and feasibility of the proposed algorithm, simulation work in MATLAB-Simulink and experimental implementation utilizing a TMS320F28335 Digital Signal Processor (DSP) are performed. Moreover, conventional algorithms with PI and FLC techniques are tested too for comparison purposes. Both simulation and experimental results are presented, confirming the improvement achieved by the proposed algorithm in terms of accuracy and dynamic response in comparison to the conventional algorithms.
Introduction
Harmonics mitigation and reactive power compensation have become increasingly essential in power distribution systems due primarily to significant increase of current harmonics resulted from widespread use of nonlinear loads such as power converters, adjustable speed drives and uninterruptible power supplies. The presence of current harmonics not only degrades overall system efficiency by worsening its power factor (PF) performance, but also causes other associated problems such as equipment overheating, failures of sensitive devices and capacitor blowing [1] [2] [3] . Therefore, it is compulsory to minimize the harmonics level of a power system.
Various mitigation solutions such as passive filters, active power filters and hybrid filters have been proposed [4] [5] [6] . Nevertheless, shunt-typed active power filter (SAPF) [4] [5] [6] [7] [8] is the most effective mitigation tool to mitigate current harmonics. Additionally, it also provides reactive power compensation meant for improving PF performances [7] [8] [9] [10] [11] [12] . Typically, SAPF performs by injecting Therefore, this paper presents a DC-link capacitor voltage regulation algorithm with Inverted Error Deviation (IED) control which operates based on an indirect voltage error manipulation approach, to enhance performance in overall DC-link voltage regulation under both steady-state and dynamic-state conditions. The design concept and effectiveness of the proposed algorithm are verified using MATLAB-Simulink. For performance comparison, conventional algorithms with PI and FLC techniques are developed too, and all algorithms are tested under both steady-state and dynamic-state conditions. Moreover, a laboratory prototype is developed with the proposed algorithm downloaded in digital signal processor (DSP) for further validation.
The rest of the paper is organized as follows: in Section 2, the proposed SAPF with control strategies is described. Section 3 presents the details of the harmonics extraction algorithm used in the SAPF. In Section 4, the proposed DC-link capacitor voltage regulation algorithm with IED control is presented with clear illustration. The simulation and experimental results are presented, and discussed in Sections 5 and 6 respectively, showing effectiveness of the proposed algorithm in comparison to the conventional algorithms. The paper ends with a brief conclusion in Section 7 by summarizing significant contributions of this work.
Shunt Active Power Filter (SAPF) with Control Strategies
The proposed three-phase SAPF utilizing a three-level NPC inverter which is connected at point of common coupling (PCC) between three-phase source and nonlinear load is shown in Figure 1 . The nonlinear load consists of a full bridge rectifier which is recognized as one of the worst sources of harmonics [30, 31] in electrical system. The rectifier is further connected to three types of loads: capacitive, inductive and resistive loads. Meanwhile, the SAPF's controller composes of harmonics extraction, DC-link capacitor voltage regulation, synchronizer, neutral-point voltage deviation control, and current control (switching) algorithms.
This paper focuses mainly on DC-link capacitor voltage regulation algorithm. From the literature, in order to ensure proper generation of injection current i inj , the overall DC-link voltage V dc is set according to the following requirement [20, [32] [33] [34] [35] :
V dc " 2v SAPF_max (2) where v S represents the source voltage, and v SAPF_max represents the maximum output voltage of SAPF.
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Therefore, this paper presents a DC-link capacitor voltage regulation algorithm with Inverted Error Deviation (IED) control which operates based on an indirect voltage error manipulation approach, to enhance performance in overall DC-link voltage regulation under both steady-state and dynamic-state conditions. The design concept and effectiveness of the proposed algorithm are verified using MATLAB-Simulink. For performance comparison, conventional algorithms with PI and FLC techniques are developed too, and all algorithms are tested under both steady-state and dynamic-state conditions. Moreover, a laboratory prototype is developed with the proposed algorithm downloaded in digital signal processor (DSP) for further validation.
The proposed three-phase SAPF utilizing a three-level NPC inverter which is connected at point of common coupling (PCC) between three-phase source and nonlinear load is shown in Figure  1 . The nonlinear load consists of a full bridge rectifier which is recognized as one of the worst sources of harmonics [30, 31] in electrical system. The rectifier is further connected to three types of loads: capacitive, inductive and resistive loads. Meanwhile, the SAPF's controller composes of harmonics extraction, DC-link capacitor voltage regulation, synchronizer, neutral-point voltage deviation control, and current control (switching) algorithms. This paper focuses mainly on DC-link capacitor voltage regulation algorithm. From the literature, in order to ensure proper generation of injection current , the overall DC-link voltage is set according to the following requirement [20, [32] [33] [34] [35] Meanwhile, the minimum capacitance value for each capacitor can be determined as follows [36] [37] [38] [39] :
where represents the injection current, and ∆ represents the maximum voltage ripple allowed on DC-link capacitors.
For the harmonics extraction algorithm, the synchronous reference frame (SRF) principle [12, 31, 40] is used. Meanwhile, a synchronizer is utilized to provide referencing signals to the harmonics extraction algorithm. Furthermore, voltage balancing of splitting DC-link capacitors is achieved via a neutral-point voltage deviation control algorithm [41] [42] [43] which ensures equal inflow and outflow of current at the neutral point Z, by adjusting the activation time of each switching device according to the instantaneous voltage across both splitting DC-link capacitors ( 1 and 2 ). Finally, the switching control is accomplished through a 25 kHz Space Vector PWM (SVPWM) [15, 16, 41, 44, 45] switching algorithm.
Harmonics Extraction Algorithm
Harmonics extraction based on the SRF algorithm as shown in Figure 2 , is accomplished through a series of mathematical calculations of three-phase load current which is conducted in direct-quadrature-zero ( 0) frame. Meanwhile, the minimum capacitance value C dc for each capacitor can be determined as follows [36] [37] [38] [39] : 
where i inj represents the injection current, and For the harmonics extraction algorithm, the synchronous reference frame (SRF) principle [12, 31, 40] is used. Meanwhile, a synchronizer is utilized to provide referencing signals to the harmonics extraction algorithm. Furthermore, voltage balancing of splitting DC-link capacitors is achieved via a neutral-point voltage deviation control algorithm [41] [42] [43] which ensures equal inflow and outflow of current at the neutral point Z, by adjusting the activation time of each switching device according to the instantaneous voltage across both splitting DC-link capacitors (V dc1 and V dc2 ). Finally, the switching control is accomplished through a 25 kHz Space Vector PWM (SVPWM) [15, 16, 41, 44, 45] switching algorithm.
Harmonics extraction based on the SRF algorithm as shown in Figure 2 , is accomplished through a series of mathematical calculations of three-phase load current i L abc which is conducted in direct-quadrature-zero pdq0q frame.
The measured load current in three-phase abc frame is transformed into its corresponding dq0 frame by means of a Park transformation given as: 
where ωt is the synchronization angle representing the angular position of dq synchronous reference frame which is delivered by a synchronizer. Under influence of the nonlinear loads, the actual I Ld and I Lq components are polluted by the generated current harmonics and thus resulting in the formation of new current relationship given as: [12, 31, 40] is used. Meanwhile, a synchronizer is utilized to provide referencing signals to the harmonics extraction algorithm. Furthermore, voltage balancing of splitting DC-link capacitors is achieved via a neutral-point voltage deviation control algorithm [41] [42] [43] which ensures equal inflow and outflow of current at the neutral point Z, by adjusting the activation time of each switching device according to the instantaneous voltage across both splitting DC-link capacitors ( 1 and 2 ). Finally, the switching control is accomplished through a 25 kHz Space Vector PWM (SVPWM) [15, 16, 41, 44, 45] switching algorithm.
Harmonics extraction based on the SRF algorithm as shown in Figure 2 , is accomplished through a series of mathematical calculations of three-phase load current which is conducted in direct-quadrature-zero ( 0) frame. In the dq frame, the fundamental component of load current will appear as a dc signal and meanwhile the current harmonics generated by nonlinear loads which is represented by ac components, will appear as ripples. For the purpose of harmonics extraction, both I Ldpacq and I Lqpacq components are required for reference current generation. Generally, the ac components are obtained through indirect identification approach [46] where a tuned numerical low pass filter (LPF) is usually employed to detect the dc component which is then being removed from the actual load current in dq frame [12, 31, 40] . This approach can be represented as:
In the context of the SRF principle, the choice of the filter used is one of the main factors that determine the performance of the designed harmonics extraction algorithm. The filter used is a second order Butterworth-typed LPF with a cutting frequency of 10 Hz. This type of filter is recognized as the best "all-round" filter which provides fast dynamic response with acceptable filtering features [12, 31, 40] .
Once the ac components (I Ldpacq and I Lqpacq ) are obtained, inverse Park transformation as shown in (7) is performed to transform the ac components back to their corresponding three-phase harmonic current in abc frame, forming the required reference injection current i inj, re f :
DC-Link Capacitor Voltage Regulation Algorithm
In order to deliver better understanding on the proposed DC-link capacitor voltage regulation algorithm, and at the same time, for proper comparison, the details of the conventional algorithm utilizing the PI and FLC techniques are first presented serving as a benchmark for improvement. Next, with reference to the conventional algorithms, the proposed DC-link capacitor voltage Energies 2016, 9, 533 6 of 25 regulation algorithm with inverted error deviation (IED) control is elaborated, highlighting the improvements made.
Conventional DC-Link Capacitor Voltage Regulation Algorithm with PI and FLC Techniques
Generally, overall DC-link voltage is regulated by controlling the real power drawn by SAPF throughout its switching operation. The voltage regulation process is said to have accomplished when the real power drawn by the SAPF is made equal to its switching losses. Therefore, in order to constantly maintain proper function of SAPF, magnitude of the generated reference current must suitably be adjusted by manipulating the magnitude I dc of a control variable known as instantaneous DC charging current i dc (refer to Figures 1 and 2 ) which is generated based on the difference between overall DC-link voltage and its desired reference value, so that a precise amount of real power can be drawn by SAPF to compensate its potential losses.
As mentioned in Section 1, the PI technique is the most widely utilized technique in the area of DC-link capacitor voltage regulation. Based on this technique, the voltage error E resulting from the difference between overall DC-link voltage V dc (V dc1 + V dc2 ) and its reference voltage V dc, re f is directly manipulated by a PI controller to approximate the magnitude I dc . The control approach can be summarized as follows:
E " V dc,re f´p V dc1`Vdc2 q (8) Figure 3a shows the control structure of conventional DC-link capacitor voltage regulation with PI technique. Meanwhile, the minimum value of design parameters used in the PI technique can be obtained as follows [29] :
where K p is the proportional gain, K i is the integrator gain, C dc is the capacitance value of each splitting capacitor, ξ is the damping factor fixed at 0.707, and ω is the angular frequency. Further adjustment and tuning are performed in heuristic manner to improve control performance.
Energies 2016, 9, 533 6 of 26 instantaneous DC charging current (refer to Figures 1 and 2 ) which is generated based on the difference between overall DC-link voltage and its desired reference value, so that a precise amount of real power can be drawn by SAPF to compensate its potential losses.
As mentioned in Section 1, the PI technique is the most widely utilized technique in the area of DC-link capacitor voltage regulation. Based on this technique, the voltage error resulting from the difference between overall DC-link voltage ( 1 + 2 ) and its reference voltage , is directly manipulated by a PI controller to approximate the magnitude . The control approach can be summarized as follows: Figure 3a shows the control structure of conventional DC-link capacitor voltage regulation with PI technique. Meanwhile, the minimum value of design parameters used in the PI technique can be obtained as follows [29] :
where is the proportional gain, is the integrator gain, is the capacitance value of each splitting capacitor, is the damping factor fixed at 0.707, and is the angular frequency. Further adjustment and tuning are performed in heuristic manner to improve control performance.
On the other hand, the control structure of conventional DC-link capacitor voltage regulation with FLC technique is shown in Figure 3b . In this algorithm, FLC is employed to eliminate the reliance on PI controller. The FLC technique employed depends on voltage error and change of voltage error with sample time given in (12) and (13), respectively, to approximate magnitude :
Generally, FLC operation involves four processes, starting with fuzzification, followed by fuzzy rule base and inference interpretation, and end with defuzzification. During fuzzification, the formulated numerical and variables are converted into their corresponding linguistic representation, according to their respective fuzzy membership functions. On the other hand, the control structure of conventional DC-link capacitor voltage regulation with FLC technique is shown in Figure 3b . In this algorithm, FLC is employed to eliminate the reliance Energies 2016, 9, 533 7 of 25 on PI controller. The FLC technique employed depends on voltage error E and change of voltage error CE with sample time k given in (12) and (13) , respectively, to approximate magnitude I dc :
Generally, FLC operation involves four processes, starting with fuzzification, followed by fuzzy rule base and inference interpretation, and end with defuzzification. During fuzzification, the formulated numerical E and CE variables are converted into their corresponding linguistic representation, according to their respective fuzzy membership functions.
All input conditions will be processed by a fuzzy inference mechanism to generate the most appropriate fuzzified I dc output according to the designed fuzzy rule base table which composes a collection of simple linguistic "If A and B, Then C" rules. The most commonly applied inference mechanism is known as Mamdani-style inference mechanism [19] [20] [21] 29, 47] . The generated fuzzified I dc output is converted back to its corresponding numerical magnitude via defuzzification process. Most FLC systems use the famous centroid of area (COA) defuzzification method [19, 29, [47] [48] [49] as it provides a good average feature in determining the best output result. The fuzzy membership functions and rule base for FLC technique which are commonly applied in conventional DC-link capacitor voltage regulation algorithm are shown in Figure 4a and Table 1 All input conditions will be processed by a fuzzy inference mechanism to generate the most appropriate fuzzified output according to the designed fuzzy rule base table which composes a collection of simple linguistic "If A and B, Then C" rules. The most commonly applied inference mechanism is known as Mamdani-style inference mechanism [19] [20] [21] 29, 47] . The generated fuzzified output is converted back to its corresponding numerical magnitude via defuzzification process. Most FLC systems use the famous centroid of area (COA) defuzzification method [19, 29, [47] [48] [49] as it provides a good average feature in determining the best output result. The fuzzy membership functions and rule base for FLC technique which are commonly applied in conventional DC-link capacitor voltage regulation algorithm are shown in Figure 4a and Table 1 respectively. 
Proposed DC-Link Capacitor Voltage Regulation Algorithm with IED Control
In order to precisely address all possible voltage deviations which may occur to the overall DC-link voltage during dynamic-state conditions, the IED control technique is proposed and incorporated into the main DC-link capacitor voltage regulation algorithm. Generally, magnitude will be maintained at zero when the overall DC-link voltage is successfully regulated at its desired value. However, during dynamic-state conditions, the overall DC-link voltage may deviate from its desired value and thus resulting in sudden increase (overshoot) or decrease (undershoot) of voltage error . The proposed algorithm with IED control as shown in Figure 5 is performed by generating an opposition signal (IED signal) to cancel out all deviations that occur to 
In order to precisely address all possible voltage deviations which may occur to the overall DC-link voltage V dc during dynamic-state conditions, the IED control technique is proposed and incorporated into the main DC-link capacitor voltage regulation algorithm. Generally, magnitude I dc will be maintained at zero when the overall DC-link voltage V dc is successfully regulated at its desired value. However, during dynamic-state conditions, the overall DC-link voltage V dc may deviate from its desired value and thus resulting in sudden increase (overshoot) or decrease (undershoot) of voltage error E. The proposed algorithm with IED control as shown in Figure 5 is performed by generating an opposition signal (IED signal) to cancel out all deviations that occur to the voltage error E. This results in formation of regulated voltage error E reg which is treated as the desired I dc . The control approach can be summarized as follows:
The incorporation of the IED control technique provides important insight into development of indirect voltage error E manipulation approach, where an alternative route is formed to indirectly manipulate voltage error E, focusing solely on minimizing the effects of voltage deviations (overshoot and undershoot) that occur to the overall DC-link voltage V dc during dynamic-state conditions. In other words, the IED control technique does not disturb the normal regulation process of the overall DC-link voltage V dc . It will only be executed in response to voltage deviations that occur after the overall DC-link voltage V dc reaches its desired value. 
In order to precisely address all possible voltage deviations which may occur to the overall DC-link voltage during dynamic-state conditions, the IED control technique is proposed and incorporated into the main DC-link capacitor voltage regulation algorithm. Generally, magnitude will be maintained at zero when the overall DC-link voltage is successfully regulated at its desired value. However, during dynamic-state conditions, the overall DC-link voltage may deviate from its desired value and thus resulting in sudden increase (overshoot) or decrease (undershoot) of voltage error . The proposed algorithm with IED control as shown in Figure 5 is performed by generating an opposition signal (IED signal) to cancel out all deviations that occur to the voltage error . This results in formation of regulated voltage error which is treated as the desired . The control approach can be summarized as follows: In contrast to conventional algorithms which perform by processing entirely the resulted voltage error , the proposed algorithm with IED control which performs by considering only the voltage error deviations, reduces the required computational efforts and simultaneously improves dynamic performance in overall DC-link voltage regulation. At any instance, if voltage error deviation ( ≠ 0) occurs, the degree of deviation will be processed by the proposed algorithm to generate a corresponding IED for mitigating the effects of voltage error In contrast to conventional algorithms which perform by processing entirely the resulted voltage error E, the proposed algorithm with IED control which performs by considering only the voltage error E deviations, reduces the required computational efforts and simultaneously improves dynamic performance in overall DC-link voltage V dc regulation. At any instance, if voltage error E deviation (E ‰ 0) occurs, the degree of deviation will be processed by the proposed algorithm to generate a corresponding IED for mitigating the effects of voltage error E deviation. If overshoot (E ą 0) occurs, a corresponding negative IED will be produced to counteract the sudden increase of E. Meanwhile, if undershoot (E ă 0) occurs, IED will be increased to a level that is most appropriate in dealing with the sudden drop of E.
To ensure precise generation of IED, the FLC technique is employed. In contrast to FLC techniques applied in the conventional algorithms which perform based on E and CE input variables, FLC technique applied in the proposed algorithm makes use of overall DC-link voltage V dc pkq and previous overall DC-link voltage V dc pk´1q to approximate the required IED. The membership functions and rule base for FLC technique applied in the proposed algorithm are shown in Figure 4b and Table 2 , respectively. The fuzzy sets are selected according to the degree of voltage deviation which may occur to the overall DC-link voltage V dc throughout the operation of SAPF. The selected fuzzy sets must possess certain sensitivity (level of fuzziness) which is sufficient enough to represent all the voltage deviation conditions. Low number of fuzzy sets may be insufficient to describe the characteristics of a signal. In contrast, large number of fuzzy sets provides much better results but high amount of fuzzy membership functions and rules are difficult to be developed. In this work, 5ˆ5 membership functions with 25 control rules are considered for the proposed algorithm. The higher number of membership functions are not considered as high usage of membership functions impose great computation burden to the controller, which undoubtedly intensify the difficulties for practical implementation. Moreover, a combination of triangular and trapezoidal membership functions is applied. These types of membership functions are famous for their simple implementation features together with minimal computational efforts [19, 21, 26, 50] .
The mapping of membership functions and control rules requires a thorough understanding of the behavior of the signal to be controlled. It is performed based on open-loop real data [29] of the overall DC-link voltage V dc with reference to the systematic FLC design approach described in [51] . Further adjustment and tuning are performed in heuristic manner to improve control performance. With utilization of the selected membership functions and control rules in the proposed algorithm, the overall DC-link voltage V dc can be accurately regulated.
Simulation Results
The three-phase three-level NPC inverter-based SAPF utilizing the proposed DC-link capacitor voltage algorithm with inverted error deviation (IED) control is tested and evaluated in MATLAB-Simulink. Simulation work is conducted under both steady-state and dynamic-state conditions which involve three types of nonlinear loads. The first nonlinear load is constructed using a three-phase uncontrolled bridge rectifier feeding 20 Ω resistor and 2200 µF capacitor connected in parallel (capacitive). The second nonlinear load is developed using similar rectifier feeding a series connected 50 Ω resistor and 50 mH inductor (inductive). The third nonlinear load is developed using similar rectifier feeding a 20 Ω resistor (resistive). Furthermore, the conventional DC-link capacitor voltage regulation algorithm with PI and FLC techniques are also tested for comparison purposes. The key specifications of the proposed SAPF and all the DC-link capacitor voltage regulation algorithms are summarized in Tables 3 and 4 , respectively. 
where V dc, re f and V dc,avg represent the reference and the average value of overall DC-link voltage, respectively. Meanwhile, under dynamic-state conditions, the performance parameters involved are overshoot, undershoot, and response time. For this analysis, two dynamic-state conditions are created by changing the nonlinear loads from capacitive to inductive and inductive to resistive respectively.
Steady-State Condition
Simulation results of SAPF utilizing the proposed algorithm with IED control which includes three-phase source voltage v S , load current i L , injection current i inj , and source current i S for capacitive, Energies 2016, 9, 533 11 of 25 inductive, and resistive loads are shown in Figure 6 . Meanwhile, THD values of mitigated source current i S resulted from SAPF utilizing each DC-link capacitor voltage regulation algorithm are recorded in Table 5 . The findings clearly show that SAPF utilizing each DC-link capacitor voltage regulation algorithm has successfully removed the current harmonics generated by all nonlinear loads, resulting in THD values of far below 5%, complying with the limit set by IEEE Standard 519-2014 [52] . However, SAPF utilizing the proposed algorithm with IED control performs outstandingly by achieving the lowest THD values for all nonlinear loads. Furthermore, it can be observed that the mitigated source current i S is working in phase with the source voltage v S for all nonlinear loads, thereby leading to almost unity power factor. On the other hand, simulation results on voltage regulation performances of each DC-link capacitor voltage regulation algorithm for capacitive, inductive and resistive loads are shown in Figure 7 . Meanwhile, the corresponding % ACC values are summarized in Table 6 . From the findings, it is clear that all voltage regulation algorithms have successfully regulated the overall DC-link voltage V dc . However, they perform differently in term of accuracy. The proposed algorithm with IED control performs outstandingly by regulating the overall DC-link voltage V dc with the highest accuracy (% ACC = 100%) for all nonlinear loads. On the other hand, the conventional algorithm with PI technique performs poorly by producing a regulated voltage of 0.25 V lower (% ACC = 99.97%), 0.05 V higher (% ACC = 99.99%), and 0.25 V higher (% ACC = 99.97%) than the desired value for capacitive, inductive and resistive loads respectively. Meanwhile, conventional algorithm with FLC technique shows the worst performance by producing a regulated voltage of 0.5 V (% ACC = 99.94%), 0.1 V (% ACC = 99.98%), and 0.5 V (% ACC = 99.94%) higher than the desired value for capacitive, inductive and resistive loads respectively. Therefore, in term of overall DC-link voltage V dc regulation under steady-state conditions, all voltage regulation algorithms have proven to perform with high accuracy. However, the proposed algorithm with IED control performs outstandingly by achieving an accuracy of 0.01%-0.06% higher than the conventional algorithms. 
Dynamic-State Condition
The responses of each DC-link capacitor voltage regulation algorithm towards dynamic-state conditions of capacitive to inductive and inductive to resistive are shown in Figures 8 and 9 , respectively. Meanwhile, the corresponding dynamic performances are summarized in Table 6 . For capacitive to inductive, the proposed algorithm with IED control performs outstandingly with the lowest overshoot of 4 V, no undershoot, and the fastest response time of 0.020 s. Meanwhile, the conventional algorithm with FLC technique performs poorly with overshoot of 13 V, no undershoot, and response time of 0.025 s. The worst dynamic performance is shown by the conventional algorithm with PI technique which performs with largest overshoot of 35 V, undershoot of 2 V, and response time of 1.500 s. Similarly, for inductive to resistive, the proposed algorithm with IED control performs outstandingly with the lowest undershoot of 5 V, no overshoot, and the fastest response time of 0.020 s. Meanwhile, the worst dynamic performance is shown by the conventional algorithm with PI technique which performs with largest undershoot of 39 V, overshoot of 2 V, and response time of 1.500 s. Although conventional algorithm with FLC technique is observed to perform better than PI technique, it still performs with significant undershoot of 13 V, and response time of 0.025 s.
Moreover, it is revealed from Figures 10 and 11 that the responses of mitigated source current i S during dynamic-state conditions are affected by the dynamic responses of DC-link capacitor voltage regulation algorithms. For instance, as shown in Figures 10c and 11c , high overshoot and undershoot demonstrated by conventional algorithm with PI technique, significantly reduces and increases the magnitude of mitigated source current i S respectively. Additionally, under both dynamic-state conditions, its poor dynamic responses have imposed additional time delay (response time of 0.06 s) towards mitigation performance of SAPF. Meanwhile, as shown in Figures 10b and 11b , the reduced overshoot and undershoot demonstrated by conventional algorithm with FLC technique still cause noticeable reduction and increment to the magnitude of mitigated source current i S respectively. However, the designated SAPF is able to complete its mitigation process in 0.025 s which corresponds to the response time of conventional algorithm with FLC technique. On the other hand, as demonstrated by the proposed algorithm with IED control, its lowest overshoot and undershoot, and fastest response time has significantly improve the mitigation performance of SAPF. Based on Figures 10a and 11a , it is clear that after sudden nonlinear load change (time = 3 s), the mitigated source current i S is observed to smoothly reach its required steady-state in 0.02 s.
Based on all the results obtained from simulation works, it is proven that the proposed algorithm with IED control performs outstandingly under both steady-state and dynamic-state conditions with low THD values, high accuracy, low overshoot, low undershoot, and fast response time. By utilizing the advantages of the indirect voltage error manipulation approach, the proposed algorithm gains the ability to accurately eliminate any resulting voltage error, via an alternative route without disturbing the normal operation of the regulation process. Under steady-state conditions, the resulted voltage errors appear as steady-state errors. Meanwhile, under dynamic-state conditions, the resulted voltage errors appear as overshoot and undershoot. Hence, by continuously providing an accurate IED value, the steady-state error is eliminated and the dynamic response is improved. Moreover, when the DC-link voltage of SAPF is accurately maintained at desired setpoint, injection currents can accurately be generated to cancel out the presence of current harmonics in the power system, thereby improving the mitigation performance of SAPF. On the other hand, the conventional algorithms with PI and FLC techniques perform effectively under steady-state conditions, but they are unable to track and respond fast enough to rapid changes of nonlinear loads under dynamic-state conditions. Since the conventional algorithms are designed to directly process the entire voltage error, excessive delay may be imposed to the generation of magnitude I dc due to unnecessary computational burden and inefficient operation of PI and FLC techniques. As a result, poor dynamic performances with large overshoot, undershoot and response time are observed. Based on all the results obtained from simulation works, it is proven that the proposed algorithm with IED control performs outstandingly under both steady-state and dynamic-state conditions with low THD values, high accuracy, low overshoot, low undershoot, and fast response time. By utilizing the advantages of the indirect voltage error manipulation approach, the proposed algorithm gains the ability to accurately eliminate any resulting voltage error, via an alternative route without disturbing the normal operation of the regulation process. Under steady-state conditions, the resulted voltage errors appear as steady-state errors. Meanwhile, under dynamic-state conditions, the resulted voltage errors appear as overshoot and undershoot. Hence, by continuously providing an accurate IED value, the steady-state error is eliminated and the dynamic response is improved. Moreover, when the DC-link voltage of SAPF is accurately maintained at desired setpoint, injection currents can accurately be generated to cancel out the presence of current harmonics in the power system, thereby improving the mitigation performance of SAPF. On the other hand, the conventional algorithms with PI and FLC techniques perform effectively under steady-state conditions, but they are unable to track and respond fast enough to In addition, other important aspects of the three-level NPC inverter-based SAPF which include voltage balancing of splitting DC-link capacitors and neutral-point voltage deviation control are thoroughly investigated to further verify effectiveness of the proposed SAPF. Based on Figures 8 and 9 , it is clear that voltages across both splitting DC-link capacitors (V dc1 and V dc2 ) are equally maintained as half of the overall DC-link voltage V dc with minimal neutral-point voltage deviation and thus confirming the effectiveness neutral-point voltage deviation control algorithm applied in the proposed SAPF.
Experimental Verification
A laboratory prototype is developed to validate practically performance of the proposed algorithm with IED control. The experimental setup for the proposed SAPF is shown in Figure 12 . For experimental testing, the supply voltage source is set at 100 Vrms, which is supplied from a programmable AC source. Meanwhile, the desired overall DC-link reference voltage is set at 220 V. Furthermore, a TMS320F28335 Digital Signal Processor (DSP) board is configured and programmed to perform all control algorithms of the SAPF and to generate the desired switching signals for the three-phase three-level NPC inverter. Similar analysis which has been performed in the simulation work is considered for experimental analysis.
to perform all control algorithms of the SAPF and to generate the desired switching signals for the three-phase three-level NPC inverter. Similar analysis which has been performed in the simulation work is considered for experimental analysis.
The experimental results (phase A) of SAPF utilizing the proposed algorithm with IED control which includes source voltage , load current , injection current , and source current , for capacitive, inductive and resistive loads are shown in Figure 13 . Meanwhile, the resulted THD values of mitigated source current in all phases resulted from SAPF utilizing each DC-link capacitor voltage regulation algorithm are recorded in Table 7 . The findings confirm that SAPF utilizing each DC-link capacitor voltage regulation algorithm has successfully removed the current harmonics generated by all nonlinear loads, resulting in THD values of below 5%. However, SAPF utilizing the proposed algorithm with IED control performs outstandingly by achieving the lowest THD values for all nonlinear loads. Moreover, the mitigated source current seems to work in phase with the source voltage and thus leading to almost unity power factor. The experimental results (phase A) of SAPF utilizing the proposed algorithm with IED control which includes source voltage v S , load current i L , injection current i inj , and source current i S , for capacitive, inductive and resistive loads are shown in Figure 13 . Meanwhile, the resulted THD values of mitigated source current i S in all phases resulted from SAPF utilizing each DC-link capacitor voltage regulation algorithm are recorded in Table 7 . The findings confirm that SAPF utilizing each DC-link capacitor voltage regulation algorithm has successfully removed the current harmonics generated by all nonlinear loads, resulting in THD values of below 5%. However, SAPF utilizing the proposed algorithm with IED control performs outstandingly by achieving the lowest THD values for all nonlinear loads. Moreover, the mitigated source current i S seems to work in phase with the source voltage v S and thus leading to almost unity power factor. On the other hand, comparative analysis in term of accuracy for each DC-link capacitor voltage regulation algorithm conducted under steady-state conditions of capacitive, inductive and resistive loads are shown in Figure 14 . Meanwhile, the responses of each DC-link capacitor voltage regulation algorithm under dynamic-state conditions are shown in Figure 15 . The corresponding % ACC values and dynamic performances are summarized in Table 8 . On the other hand, comparative analysis in term of accuracy for each DC-link capacitor voltage regulation algorithm conducted under steady-state conditions of capacitive, inductive and resistive loads are shown in Figure 14 . Meanwhile, the responses of each DC-link capacitor voltage regulation algorithm under dynamic-state conditions are shown in Figure 15 . The corresponding % ACC values and dynamic performances are summarized in Table 8 . Moreover, it can be observed from the analyses conducted in both simulation and experimental works, there are some discrepancies between the simulation and experimental results. It is obvious that the experimental results obtained for all control algorithms are slightly worse than the simulation results. Meanwhile, the most significant discrepancy between the simulation and experimental results is observed for the response time of the proposed algorithm with IED control and conventional algorithm with FLC technique. This is basically due to the fact that the control processes in experimental work are actually far more difficult as compared to that in simulation work. In practical reality, the control algorithms need to handle system variations resulting from dissimilar characteristic of switching devices, imbalance of DC-link capacitor due to fabrication tolerances, continuous voltage variation across the splitting DC-link capacitors, and other unexpected events that are not considered in the simulation work. Therefore, slight performance degradation and additional time delay exhibited by control algorithms are unavoidable in the experimental work. In fact, previous literature has reported on these findings [8, 23, 29] . Based on Tables 6 and 8 , it can be observed that additional time delays exhibited by all control algorithms in the experimental work are quite similar: proposed algorithm with IED control (0.180 s), conventional algorithm with FLC technique (0.225 s) and conventional algorithm with PI technique (0.250 s). Owing to the additional time delay, large discrepancies on response time are resulted between simulation and experimental results.
Most importantly, the experimental results obtained are in agreement with the simulation results where both simulation and experimental results have clearly proved the superiority of the proposed algorithm with IED control over the conventional algorithm with the FLC and PI techniques.
Conclusions
This paper has successfully demonstrated a new DC-link capacitor voltage regulation algorithm with inverted error deviation (IED) control for three-phase three-level NPC inverter-based SAPF. In this algorithm, the FLC technique is applied to systematically control the generation of IED so as to indirectly manipulate the resulting voltage error. Based on this technique, the degree of overall DC-link voltage deviation (overshoot and undershoot) is processed, and simultaneously, the most appropriate IED which contributes to reduction of overall DC-link voltage deviation is specified. In contrast to the conventional algorithms which perform by processing entirely the resulted voltage error, the proposed algorithm which performs by considering only deviations to voltage error, reduces the required computational efforts and simultaneously improves dynamic performances. Comprehensive analyses in both steady-state and dynamic-state conditions are conducted to evaluate performance of the proposed algorithm. Simulation work reveals that the proposed algorithm is able to perform with high accuracy during steady-state conditions. Moreover, utilization of the proposed algorithm has improved the mitigation performance of SAPF by achieving low THD values. On the other hand, significant Energies 2016, 9, 533 23 of 25 improvement can be observed during dynamic-state conditions where the proposed algorithm has successfully performed with fast response time, low overshoot and low undershoot. The proposed algorithm is not limited to inverter-based SAPF with specific types of load. In fact, it is proven to work effectively under various types of nonlinear loads. Furthermore, hardware test results have confirmed effectiveness of the proposed algorithm in both steady-state and dynamic-state conditions as conducted in simulation work. Low THD values, high accuracy, low overshoot, low undershoot, and fast response time clearly show advantages of the proposed algorithm over the conventional algorithms especially in dealing with dynamic-state conditions.
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